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The electron cyclotron heating and current drive (ECH/ECCD) gyrotron complex on the DIII-D tokamak [1] consists of six 110 GHz gyrotrons in the 1.0 MW class ( Fig. 1 ) operating in the TE 22, 6 mode, two of which are depressed collector gyrotrons. A new gyrotron with depressed collector in the 1.5 MW class, operating at 117.5 GHz, was manufactured at Communications and Power Industries and is expected to be installed during the 2015-2016 campaign following rework to address a high voltage standoff issue. This tube operates in the TE 20,9 mode and has achieved 1.8 MW for short pulses during CPI testing.
The ECH system is injecting up to 3.5 MW for pulses up to 5 s in length. Pulse length is limited administratively. Each gyrotron is connected to a Matching Optics Unit (MOU) with a single mirror that focuses the rf beam at the waveguide input. The 31.75 mm diameter corrugated waveguide transmission line [2] is evacuated and connects to the tokamak without a window. The eight existing DIII-D waveguide lines average 80 m long and typically have eight to ten miter bends, two of those being polarizing miters. The transmission efficiency in the waveguide lines is above 77.8% for all operational systems and reaches 81.1% for the transmission line with eight miter bends. The peak injected energy has been 16.6 MJ for a single tokamak pulse with all six gyrotrons injecting for the full five second pulse length. A newly designed 4-port RF monitor was installed as the last miter bend in each of the transmission lines, and can be used for power and polarization measurements. 978-1-4799-8264-6/15/$31.00 ©2015 IEEE The ECH power is injected into the tokamak from the low field side using four dual launchers installed on DIII-D [3] . A movable mirror allows the launched rf to be directed over ±20º toroidally to create both co-and counter-current drive, or scanned poloidally over 40º in the tokamak so it can be absorbed at the second harmonic resonance over a large range of normalized radius values. Two polarizing miter bends are used to provide the elliptical polarization control in each line, so that the desired extraordinary or ordinary modes are excited for any injection geometry and plasma configuration. Real time steering of the launcher mirrors under control of the DIII-D operating system allows the EC current drive location to move with the evolving position of the resonant q-surface for NTM suppression. Calorimetric monitoring of the gyrotron internal losses is providing additional information for optimal operation and for the calibration of the rf power injected into the tokamak [4] . Direct rf power measurements using a high power, long pulse dummy load installed near the tokamak launchers were performed for each gyrotron, and used for the measurement of the power loss in each of the transmission lines.
II. ECH SYSTEM OVERVIEW

A. Installed Gyrotrons
The nominal installed power for the six gyrotron system operational at this moment on DIII-D is 6 MW, and the typical total generated power during operations is 4.8 MW for 5 second pulses. All six gyrotrons were produced at CPI, have a designed pulse length of 10 s, produce Gaussian output beams and have CVD diamond output windows. The gyrotron electron beam sweeps the collector with a sawtooth waveform to reduce the dwell time at the ends of the sweep in order to avoid the overheating of the collectors. The sweep frequency is 5 Hz for four of the gyrotrons and 10 Hz for the two depressed collector gyrotrons. The overall gyrotron reliability for plasma experiments remained stable at more than 83% in the last ten years and reached 91% in 2014, as shown in Fig. 2 .
The number of successful shots was 3883 out of 4255 requests in 2014. For the past ten years, a total of 28317 successful individual shots were recorded out of 33092 total requests. Fig. 3 shows the operational history for the gyrotrons used in DIII-D ECH operations since switching to operations of MW class gyrotrons. After an initial period of reduced lifetimes, the lifetime of the last generation of gyrotrons in the ECH system has been longer than eight years, with one of the gyrotrons operating for more than 12 years without internal failures that would require returning the gyrotron to the manufacturer for repairs. An 8th gyrotron high voltage tank is ready and available for the installation of the next depressed collector gyrotron that is being tested by CPI and is expected to be installed in 2015-2016. This will be our third tube with collector potential depression, and is a newly designed gyrotron in the 1.5 MW class, operating at 117.5 GHz in the TE 20,9 mode. It has achieved 1.8 MW for short pulses during factory testing. A high voltage standoff issue that delayed the gyrotron installation at DIII-D is being studied at CPI.
B. Transmission Line
The 31.75 mm diameter corrugated waveguide transmission line is evacuated and connects to the tokamak without a vacuum window. The DIII-D waveguide lines average 80 m in length, have eight to ten miter bends, and include two polarizers for each line. The transmission efficiency in the six operating waveguide lines (Table 1) , not including losses in the MOU, is above 77.8% for all systems. With a good beam alignment at the input to the waveguide, the measured losses are close to the theoretical transmission values in the line [5, 6] . The measurement of the transmission in the line is used for the calibration of the power injected into DIII-D. The calibration relies on the measured proportionality of the power transmitted to DIII-D to the power measured in the gyrotron cavity or the internal load cooling circuits, as shown in Fig. 4 . Upgrades to the millimeter wave transmission and injection system include new 4-port rf power monitors sensitive to the transmission direction, wave polarization, and mode content. The power monitors were installed in the transmission lines as the last miter bend. The new power monitors use a mode insensitive mirror that picks off -75 dB of the high power rf at the last miter bend before the tokamak. An orthomode transducer or a mode sensitive directional coupler is then used to measure polarization and mode purity of the injected rf power (Fig. 5 ). The 4-port power monitor can provide an injected power measurement that can be calibrated against the calorimetry data, since the output signal is proportional to the rf power measured in a dummy load installed after the power monitor, as shown in Fig. 6 . The miters also measure the reflected power. 
C. ECH Launchers
The four dual launchers installed on DIII-D [1] inject the rf power from the tokamak low field side. All were designed and built by Princeton Plasma Physics Laboratory [3] . Each launcher has a fixed focusing mirror followed by a steering mirror. The movable mirror allows the launched rf to be directed over ±20º toroidally to create both co-and countercurrent drive, or scanned poloidally over 40º in the tokamak upper half plane in 200 ms. The elliptical polarization is controlled so that the desired extraordinary or ordinary modes are excited for any injection geometry. Real-time steering of the launcher antennas under control of the DIII-D plasma control system (PCS) generates EC-driven current, tracking resonant flux surfaces for neoclassical tearing mode (NTM) suppression and control. Work is under way for improved high speed motion control for rapid poloidal steering of the rf beams. The new control system consists of new controllers, new power supplies, and new encoders. After the installation of the encoders and high speed motors, a new method of in-situ calibration was developed. This method can be used for the cases when launching angle calibration is necessary, and the launchers were not removed from the DIII-D vessel ports, such as when a drive coupling has failed. The method uses the previous bench calibration of the mirror angle versus the encoder output in conjunction with the mechanical position measurement of the actuator movement, and the range of travel, to determine the new equations governing the dependence of the beam angle on the encoder outputs following a loss of calibration.
Three of the four dual waveguide launchers were used for real-time neoclassical tearing mode control and suppression, with positioning accuracy of the beams of ±2 mm at the plasma center under command from the PCS. The rf beams have a diameter at -10 dB of about 10 cm at the plasma center.
D. Control System, Magnets, and Power supplies
The control system for the DIII-D ECH gyrotrons was designed for flexibility, with functions that are distributed among a number of computers and controllers. A programmable logic controller (PLC) system handles the status and commands for gate valves, waveguide switches, vacuum, cooling, gyrotron magnets, high voltage commands and other lower speed interlocks and commands that can be accommodated by the 20 ms PLC cycle times.
The gyrotrons can be modulated by pre-programmed waveforms with different shapes at frequencies up to about 5 kHz or can be controlled by the DIII-D PCS using feedback from a number of diagnostics.
A new feature was added to prevent rf beam refraction that could potentially cause damage to diagnostics inside the DIII-D vessel or to the ECH launchers. Based on the raytracing model calculations, an interlock for plasma density was implemented. The ECH injection into the tokamak is shut-off under command from the PCS when plasma density is high and the ECH beams encounter a cutoff in the plasma. The density threshold is adjusted for the value at which the EC power is no longer absorbed into the plasma and the rf beams are refracted back to an area of the tokamak outer wall where they could potentially cause damage to the launchers and installed plasma diagnostics. This feature requires involving of the ECH operator in setting this point. 
III. ECH SYSTEM PERFORMANCE
A. Power and reliability
The total ECH energy injected into DIII-D in the previous year is shown in Fig.7 . A large number of shots have four to six gyrotrons injecting long pulse power during the shot, and this resulted in the high energy shots plotted with full red circles. The intermediate energy shots are due to low average power with modulated waveform, short to intermediate pulse length requirements for the experiment, or two to four gyrotrons being operational in the shot.
The ECH power injected into DIII-D is calibrated and stored in the database during experiments on a shot to shot basis. The calibration for the power injected into the tokamak uses the measured gyrotron cavity or internal load power absorption and the measured transmission in each line. Direct power measurements were made via calorimetry and these were correlated with the calorimetry measurements of power loading on various cooled components of the gyrotron. These measurements were performed at different gyrotron magnetic fields and different beam voltages and showed that cavity power loading and the internal load power measurements are linearly correlated with the ECH power at the DIII-D end of the transmission line, as measured in a dummy load installed at the tokamak (Fig. 4) . 
B. Losses in the transmission line
Transmission line efficiency is a major issue for high power microwave systems, so comprehensive sets of measurements were performed to determine the losses in the system, as efforts are made to increase the power injected into the tokamak.
The measured MOU losses are 3% to 7.5% of the generated power, depending on the system. For a perfect Gaussian beam, the coupling to the HE 11 waveguide mode is about 98%, with power coupled also to other modes with relatively low loss in the transmission line. Additional loss will occur from mode conversion due to imperfect alignment at the waveguide input.
The other main contribution to the total transmission loss comes from the elements of the waveguide transmission line: miter bends, polarizers, and the 80 meters of waveguide. Theoretical calculations of the losses for the 31.75 mm waveguide at 110 GHz [5, 6] , are 0.002 dB/m for the circular corrugated waveguide, 0.062 dB for each normal miter bend, and 0.09 dB in polarizing miter bends.
High power measurements of the transmission line efficiencies were performed [4] for each transmission line by moving the same dummy load between the ECH gyrotron vault and the DIII-D machine pit, at the two ends of the transmission line [7] . As each transmission line has a slightly different length, a different number of miter bends and a different quality of the propagating mode, the transmission in each line is different from the others. The measured transmission for the waveguide part of the transmission lines, the MOU losses, and the total losses in each line are shown in Table 1 .
The measured transmission for the newest depressed collector gyrotron, installed last year, was 79.4%, including the MOU losses, the best transmission among the 6 lines.
C. RF Beam Alignment
The beam alignment at the MOU waveguide input is a critical step in obtaining a high HE 11 mode content, and a high transmission coefficient for each line. An iterative procedure is used for this alignment. The beam angle with respect to the plane of the MOU output flange is measured after the MOU mirror, without waveguide or flange, using the rf beam profile indicated on thermal paper, or infrared camera images, with the target positioned at several distances from the mirror. Then the MOU mirror is adjusted to reduce the input angle at the waveguide and to center the beam at the waveguide input. This is followed by a new measurement and a new adjustment, if necessary. The final alignment angle between the propagating rf beam and the waveguide axis was less than 0.1±0.3 degrees and the radial offset less than 0.5 mm. Then the MOU output flange is mounted with a short section of waveguide. A thermal paper target placed on the waveguide input in this configuration is used to check that the rf beam profile is correctly centered at the waveguide input.
Because the beam alignment procedures use short rf pulses to avoid breakdown in air, it was verified that both short and long pulses lead to the same alignment [1, 2] . The departure from the best beam alignment was tested using two independent methods: the four-port power divider method in which the beam quality is measured with the 4-port monitor, and the dummy load method in which the transmitted power is measured after two or three miter bends. Both methods found the same best alignment as the short pulse alignment (Fig. 8) , with the same relative amplitude of the HE 1,1 signal from the 4-port RF monitor and the highest rf power delivered to a dummy load in the transmission line [1] . 
IV. SUMMARY AND PLANS
The DIII-D ECH system has high power, high reliability, good flexibility, and high performance. The system is being continuously upgraded. Over the past eight years good reliability was maintained, even as new gyrotrons were added in the system, bringing the peak injected power to 3.5 MW. Power and transmission in the system are calibrated on a shotto-shot basis. Transmission line performance is consistent with theoretical predictions for the individual components on the DIII-D ECH system. Recent upgrades include higher mirror scan speed, launcher control by the PCS, and a new density interlock to avoid dangerous beam refraction in the plasma.
The future plans include a significant upgrade with an increase of the rf frequency to 117.5 GHz for all gyrotrons, except for the depressed collector gyrotrons that are not planned to be replaced. The long-term plan for ECH on DIII-D calls for 10 gyrotrons, each of which will generate 1.5 MW, for pulse lengths appropriate for the capability of the tokamak, approximately 10 s. This will result in injected rf power of 12 MW from 10 gyrotrons.
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